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EF24, a novel synthetic curcumin analog, induces apoptosis 
in cancer cells via a redox-dependent mechanism 

Brian K. Adams* -0 , Jiyang Cai d ' e , Jeff Armstrong 6 , Marike Herold c t 
Yang J. Lu b ' c , Aiming Sun c , James R Snyder 0 , Dennis C, Liotta 0 , 
Dean R Jones d and Mamoru Shoji bd 



In this study, we show that the novel synthetic curcumin 
analog, FF24, Induces cell cycle arrest and apoptosis by 
means of a redox-dependent mechanism in MDA-MB-231 
human breast cancer cells and DU-14B human prostate 
cancer cells. Cell cycle analysis demonstrated that EF24 
causes a G 2 /M arrest in both cell lines, and that this call 
cycle arrest is followed by the induction of apoptosis as 
evidenced by csspase-a activation, phosphatldylserine 
externalization and an Increased number of cells with a 
sub*G, DNA fraction. In addition, we demonstrate that 
EF24 induces e depolarization of tha mitochondrial 
membrane potential, suggesting that the compound may 
also induce apoptosis by altering mitochondrial function. 
EF24, like curcumin, serves as a Michael acceptor reacting 
with glutathione (QSH) and thioredorjn 1, Reaction of EF24 
with these agents in u/vo significantly reduced intracellular 
GSH as well as oxidized GSH in both the wild-type and 
Bcl-x,. overexpresslng HT20 human colon cancer cells. We 
therefore propose that the anticancer effect of a novel 
curcumin analog, EF24, Is mediated in part by 
redox-mediated induction of apoptosis. Anti-Cancer Drugs 
16:263^275 <§> 2005 Uppincott Williams & Wllklns. 
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Introduction 

Curcumin (difcrulnyl methane) (Fig. 1), a major compo- 
nent of turmeric, is used us a coloring and flavoring agent 
in many Ibou* items, including curries and mustards. 
Al rhough curcumin has traditionally been used in Indian 
folk medicine for a number nf ailments, recent preclinical 
and clinical studies demonstrate that thia phytnehemicai 
has a number of anticancer properties [1). The pharma- 
cological safety of curcumin has been demonstrated by its 
consumption for centuries at levels of up to lOflmg/ckry 
by people in certain counrries [2J. One potential problem 
wirh rhe clinical use of curcumin is in? low potency and 
poor absorption churaciuriNticK [31; however, curcumin 
remains an ideal lead compound for the design of more 
effective una logs. 

We recently fiynrhetfitt±il approximately WO curcumin 
analogs, and resred them fur their anticancer and 3nti- 
ungiogenesis properties. All nf rhe novel compounds were 
more active than curcumin. One compound in particular, 
KK24 (Kig. 1), is more active and considerably less toxic 
0fl&0-4ft?3 © aoo& Uipplnaoir Williams 4 WilKms 



than the commonly used chemorherapeutic drugcisplarin 
in anricancer screens (4|. BF24 was also effective in 
reducing the size of human breast tumors prown in nude 
mice |4J. 

Apoptosis is characterized by numerous biochemical and 
morphological changes in rhe Cell including caspasc 
activation (particularly caspase-3), phusphaiidylserine 
(PS) exposure, cytoplasmic shrinkage and DNA fragmen- 
tation. Studies suggest thar borh oxidative stress and loss 
of mitochondrial membrane potential arc causal events of 
apoptosis f.S.fi], Anticancer agents thai induce apuptusis 
at doses hclow those thar display cytotoxic icy to normal 
cells could be clinically useful. There is accumulating 
evidence that the efficiency of chemotherapeutic agents 
such as cisplatin, camptothecin and ctopnside is relared 
to rhe inrrmsic propensity of the target tumor cells to 
respond to these agents by apoptosis |7|. 

In the present study, we have investigated the passible 
mechanisms by which the potent curcumin analog. RF24, 



, r ; n i-i+ fp\ i ; AM | nAA H I A fill io. O \ a ;:n,:»» i i *i ~j ^ - — _ r ±i_ »: _i _ j_ 

PAGE 32/56 * RCVD AT 8Q4/2005 6:02:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/25 * DNIS:2738300 * CSID:9198622260 * DURATION (mn«s):27-0^ 



AUG. -24' 05 (WED) 18:06 



TEL: 9198622260 



P. 033 



204 Anti-Cancer Drugs 2005, vol 16 No 3 



Flo. 1 




Chemical ulructureii. The topological Girucluros of curcumin (A) and 



exerts its anticancer effects. The results indicate thai 
EF24 effccrivcly penetrates and induces opoptosis in 
cultured human breast and prostate cancer cells. A rapid 
depletion of intracellular glutathione (GSU) was ob- 
served and that was not inhibited by ove regression of 
Bc!-x, v The unique chemical properties und biological 
effects of EF24 suggest it repreficnrs a novel class of 
compounds rhat exert their anticancer activities by redox- 
dependent mechanisms. . 

Materials and methods 
Call culture 

Human M DA- MB- 231 breast cancer cells, DU-145 
prostate cancer cells and HT29 colon cancer cells were 
purchased from ATCC (Rockvillc, MD). MEM-a med- 
ium, IIPMI 1640 medium, McCoy's medium, penicillin, 
streptomycin and L-gluramine were purchased from 
Gibco/nUL (Knckville, MD) and Mediatcch (I lorndnn, 
VA). Fetal bovine aerum (FBS) was purchased from 
Ar-lanta Biological* (Atlanta, OA). The MDA-MR-231 
cells, and the DU-145 and rhe HT29 cells (wild-typc and 
overexposed Bcl-xJ were maintained in MRM-oi 
medium, RPM1 7951 and McCoy's medium, respectively, 
containing 10% FBS, penicillin (lOfiU/ml), srrepromycin 
OOOpj^ml) and 2rnM i--glutaminc. Ovcrcxprcssion of 
Bcl-x L in HT20 cells is described elsewhere (8], Cells 
were incubated ar 37°C in 5% C0 2 /95% air in a humid 
atmosphere. Jn order to avoid mutational changes of cell 
lines, cells were expanded in culture, aliquottcd and 
stored in a liquid nitrogen freezer when purchased from 
the ATCC. Cells subjected to less than 20 passages were 
used. 

S-Bromo-2'-deo*yuridJne (BrdU) coll proliferation assay 

This assay was performed as previously described with 
modifications fQ]. DU-145 and MDA-MB-231 cells were 



plared at a density of 20000 cells/well on 96-wcll plates 
and incubared overnight allowing cells ro adhere. Follow- 
ing treatment with EF24 or dimethylsulfnxidc (DMSO) 
for various periods of time, BrdU incorporation into 
prolifcraring cells was measured according to the direc- 
tions supplied by Calbiochem (San Diego, CA) in their 
BrdU Cell Proliferation Assay Kit. During the final 18h of 
culture, the BrdU label was added to the wells of the 
micro-plate, thereby incorporating it into the DNA of 
dividing cells. The cells wore then fixed, permeabilized 
and the DNA denatured. Detector anri-BrdU monoclonal 
antibody, which binds to incorporated BrdU, was pipcrred 
into the wells and allowed to incubate for 1 h at room 
temperature. Unbound antibody was washed qway with a 
solution of phosphate-buffered saline (PBS) and surfac- 
tant. 'I'hcn, horseradish peroxidase (HRP)-conjugated 
goat anti-mouse anrjbody, which bind« tn rhc detector 
antibody, was added for 30min at room Temperature. 
HRP catalyzes the conversion of the chromqgenic 
substrate tetramerhylbenzidine (TMB) from a colorless 
solution tn a blue solution, the intensity of which is 
proportional to the amount of incorporated BrdU in the 
cells. The wells were rhen washed 3 times and flooded 
with deionized water. TMB was then added to the wells 
for ISmin at room temperature in the dark. The reaction 
was stopped using sulfuric acid and the colored reaction 
product was quantified at a wavelength nf 450 nm using a 
Bio-Tek (Winnoski, VT) microplatc render. 

Call cycle analysis 

This assay was perfnrmeo) as previously described [10 J. 
DU-145 and MDA-MB-231 cells were plared at a density 
of 1 x 10* cells/well on six-well plates. After treatment 
with EF24 or DMSO for various periods of time, horn 
detached and acrached cells were collected inro flow 
cytometry tubes and cenrrifuged at lOOOr.p.m. for 5min 
ro obtain a cell poller. The supernatant was discarded, 
and rhe cells were washed with PBS and re-cen rrifuged. 
The supernatant was discarded again and the cells were 
suspended in a solution nf PBS/5 mM EDTA. An equal 
volume of erhanul was added to the cells and the tubes 
were incubared for 30min at room temperature. The 
tubes were then centrifuged, ihe supernatant discarded 
and the cells resuspended in PBS/5 mM EDTA. RNasc A 
(Sigma, St Louis, MO) was then added (40pg/ml final 
concenrrarion) and the tubes allowed tn incubate for 
30min ar room temperature. Propjdium iodide (PI; 
liochc, Indianapolis, IN) wan added r<> rhe rubes at a 
final concenrrarion of 0.05mg/m1 and the cell cycle 
analysis was performed with a Bccton Dickinson (Moun- 
tain View, CA) FACScqn using an KL2 detector having a 
bandpass filter with specifications 585*21 nm. In each 
analysis, 100DO eventH were recorded. 

Measurement of mitochondrial membrane potential 

Measurement of the mitochondrial membrane pr> ten rial 
was performed usinfi rhe dye 5,5',6,6'-tetrachloro-1, 



Copyright © Lippincotl Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 
PAGE 33/56 * RCVD AT 8/24/2005 6:02:01 PM [Eastern Daylight The] * SVR:USPTO-EFXRF*25 ■ DNIS:2738300 ' CS1D:9198622260 1 DURATION (mm-ss):27-06 



AUG. -24' 05 (WED) 18:07 



TEL:9198622260 



P. 034 



EF24 Induces apgptosls by redox mechanism Adams or qL 266 



I'^^^'-ceiryctliyllicnrimidazolylcarbocyuninc iodide (JC-1) 
p t s previously described with slitfhr modifications (I1.12|. 
JC-1 (Sigma-Aldricb) is a canonic dye rhar exhibits 
potential dependenr accumulation in the mitochondria a.s 
indicated by a fluorescent shift from Green (around 
525 nm) tu red (around 590 nm). JC-1 emits a red color 
when sequestered in chc mitochondria of healthy cells, 
bur emirs n green color when ir is localized in the 
cytoplasm. Cells undergoing apnptosis are no longer able 
to rerain the dye in the mitochondria. Consequently, they 
arc dcrected us green-colored cells by /low cytometry. 
Consequently, mitochondrial depolarization is indicated 
by a decrease in the red/green fluorescence ratio. DU-145 
und MDA-MB-231 cells were plated at a density of 
1 x If/ 1 cells/well on sjx-wcll plares. After treatment with 
RF24 or DMSO for various periods of lime, both 
detached and arrnched cells were collected into flaw 
cytometry tubes, and cenrrifuged ar lOOOr.p.m. for Smin 
to obtain a cell pellet. After rcsus pens inn in a solution of 
PBS containing 10 mM ftlucose, che cells were incubated 
with JC-J (] ug/ml) for 30 min at 37°C and washed with 
PBS. JC-! fluorescence was measured immediately with a 
Becton Dickinson PACScan using borh an FL1 dc 
(preen fluorescence) having a bandpass Hirer with 
specifications 53()±15nm and an KL2 derector (red 
fluorescence) having a bandpass filter wirh specification* 
5R5±21nm. In each analysis, 1000Q events were 
recorded- 



Caepase-3 activation 

This assay was performed as previously described |13|. 
DU-145 and MDA-MB-231 cells were plated at a density 
of 1 x 10 f> cells/well on six-well plates. After trcacmenc 
with the compound or DMSO for various periods of rime, 
both detached and attached cells were collected into flow 
cytometry tubes and centrifugpd at lOOOr.p.m- for Smin 
to obtain a cell poller. The supernatant was discarded and 
the cells were processed according to the directions in 
the Caspase-3 Intracellular Acriviry Assay Kit II (PhiPhi- 
Lux G2D2) from Calhinchcm (San Diego, CA). Then, 
50 u| or PhiPhiUix G 2 D 2 substrate solution in RPMI 
1640 medium was added ro rhccell pellets and incubated 
in a 5% CQ 2 incubator ar 37 n C for 1 h. PhiPhiLux is a 
peptide substrate for easpase-3 than has heen conjugated 
to two lluorophorus (C^D:.). The substrate contains the 
sequence GDRVIXJI, with the enspase cleavage site 
underlined. When the folded peptide is cleaved, rhe 
fluorophorcs provide a high intensity fluorescent signal 
with the following peak characteristics; Kk — 552 nm and 
A. crn = 5GQnm. fallowing incubarion, the cells were 
washed with an ice-cold dilution buffer (supplied by 
Calhiochcm). Flow t-yrnmerrie analysts was performed 
with a Deevon Dickinson FACScnn using an FL2 detector 
having a bandpass filter with specifications 585* 21 nm 
(the FL2 channel with excitation at 4fiRnm). In each 
analysis, 10000 events were recorded. 



Annexln-V staining 

Double staining for Anncxin-V-fluoresccin isothiocyanate 
(FITC) binding and for cellular DNA using PI was 
performed as previously described |J4|. Annexin-V is a 
phospholipid binding protein wirh an extremely high 
affinity for PS. DU-J45 and M DA- M 11-231 cells were 
plared at a density of 1 x 10 6 cells/well on six-we|| plates. 
After treatment with the compound or DMSO for various 
periods of time, hoth detached and attached ce)|s were 
collected into flow cytometry rubes and centrifuged at 
lOOOr.p.m. for 5min to obtain a cell pellet. After the 
supernatant was discarded, rhe cells were washed twice 
wirh cold PDS and resuspended in 1 ml binding buffer 
(BD PharMingen, San Diego, GA). r |"he cells were then 
stained with Annexin-V-FITC and PI according to the 
protocol described by HI) PharMingen. Briefly, 5p| of 
Annex-in-V-FITC and 10 ^1 of PI were added ro a lOflpJ 
solution of cells and chc solution was incubated for 15 min 
at room temperature in the dark. Winding buffer was rhen 
added, and early and lare apoptosis was visualized by 
constructing a dot-plot using a Recron Dickinson 
FACScan. Green fluorescence from the Annexin-V-FITC 
was measured using an Ff A detecror having a bandpass 
filter with specifications 530 ± 15 nm. Red fluorescence 
from PI was measured using an KL2 detector having a 
bandpass filter with specifications 585±2lnm. In each 
analysis, 10000 events were recorded. 

Measurement of reactive oxygen specie* (ROS) 

Measurement of intracellular ROS was performed using 
the peroxide-sensitive fluorescent probe 2\7-dichloro- 
fluorescein diacctatc (DCF-DA) (Sigma) as previously 
described with slight modifications |W|. DU-145 and 
MDA-MH-231 cells were plated at a density of 1 x 10 r> 
cells/well on six-well plates. After treatment with EF24or 
DMSO for various periods of time, both detached and 
attached cells were collected into flow cytometry tubes, 
and centrifuged ar lOOOr.p.m. for 5 min to obtain a cell 
pellet. After resuspension in a solution of PliS containing 
10 mM glucose, the cells were incubated with DCF-DA 
(50 uM) for 15 min at 37 W C in the dark- WW fluores- 
cence (an indicator of intracellular ROS production) was 
measured immediately with a Bectnn Dickinson KACScan 
using an FLl detector having a bandpass filter with 
specifications 530±15nm. In each analysis, 10000 
events were recorded. 

Measurement of interactions between EF24, GSH and 
thloredoxln-1 (Tnc-1) 

KF24 in PBS has an absorbance peak around 325 nm. To 
determine /;/ vitro interactions. 20 pM FF24 was used ro 
react, with GSI1 and Trx-1 in 1 ml of PBS (pH 7.0) 
solution. The absorbance changes of the reactions were 
monitored at 325 nm for ]0min at 30°C. A decrease in 
absorbance indicated KF24 had reacted wirh GSH/Trx-1 
and changed its spectroscopic character. 
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Determination of the effects of EF24 on Intracellular 
G5H 

IIT29 human colon adenocarcinoma cells were [reared 
with EF24 at 20 p.M concentration tor 90 min. MT29 cells 
wich increased Hcl-Xi. expression have been described 
elsewhere [8]. The cells were then extracted with 10% 
perchloric acid/0.2 M boric acid. Samples were dcriva- 
rized wirh ioduacetjc acid and dansyl chloride. The acid 
soluble CISH and oxidized GSH (fl&SG) were rhen 
measured on q Waters 2690 Alliance HIMjC system as 
described (15|. 

Results 

Inhibition of cancer cell proliferation 
BrdU Incorporation 

EK24 effectively inhibits the active synrhesis of DNA in 
both DlJ-HS prostate cancer cells and MDA-MB-231 
breast cancer cells (Kift. 2). Boch eel) lines were treated 
wich various concenr.rar.inns of the compound for 6, 12, 24, 
48 and 72 h. At a drug concentration of 10 pM (11T S M), 
BrdU incorporation is inhibited co 35% of control in the 
prostare cancer cell line after a 24 h trearmenr and is 
completely inhibited after treatment for 72 h. The 
compound demonstrates approximately 40% inhibition 
at 1 uM (10r f, M) after a 72-h treatment. In the breast, 
cancer cells, RF24 induces complete growth arrest at 
IOuM after only a 12-h treatment. Again, rhe compound 
demonstrate* approximately 40% inhibition at 1 pM after 
treatment for 72 h. 

Growth wrest in G^/M, fotfowod by sub-G 0 /G 1 DNA 
accumulation 

Flow cytnmetric analysis of Lhe cell cycle was performed 
to determine the time course for rhe induction of DNA 
fragmentation by EF24, which is the final stage of 
apoptosis, and characterized by nuclear condensation and 
olj[ronuclcosomal DNA fragmentation. Cells were treated 
wirh 20 EF24 for various rimes and histograms were 
constructed showing the percentage of cells in different 
phases of the cell cycle (G lt S and G 2 /M) as well as the 
percental nf cells with hypodiploioVfraginented DNA 
(sub-d/Gn). It is evident from the daw In Fig. 3 rhnr 
BR24 induces growth arrest in rhe G 2 /M phase of the ce|| 
cycle. In the IHJ-145 cell line, the percentage of cells in 
G 2 /M (M4 peak) after a 48-h treatment with EF24 
(27.6%) was over 3-fold higher than the percentage of 
vehicle-treated cells in GyM (8.3%). In the KK24-Trenrcd 
MPA-M 11-231 cell line, the percentage of cells in G a /M 
was also higher (25.9%) than in control cells (K>-1%) after 
4fih. However, rhe GJM arrest in these cells was net as 
robust as that nf the DU-145 cells. The percentage of 
sub-GVGfl cells (M1 peak) in DU-145 cells increased 
from ).6% after 24h to 21.0% after 72 h. The percentage 
of sul>G\/(] n cells in MDA-MB-231 cells increased from 
2.1% after 24 h to 10.1% after 72 h (Hig. 3). In both cell 
lines, lhe amount of fragmented DNA is nor significantly 
increased over control (DMvSO) until after 72 h of 
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Inhibition oi cancer call proliferation by EF-24. DU-1 4B prostata cancer 
cells (A) and MDA-MB-231 breast cancer cell* (b) were plated at 
2x10 cfl||B/wail overnighr, allowed to Qdhoro, and Uaaiud with 
different concentrationE of EF24 for a, 12, 24, 4B and 72 h. The cells 
wore than labeled with BrdU for 18h and assayed as doucribud in 
Materials and meihods. The thymidine analog is incorporated into newly 
synthesized PNA strands of actively prolileraung culls. Immunochemical 
detoctjon of BrdU pUowb the aeaeBamant of the population of colls that 
are acNvely Byplhecizino DNA. Data points represent meaneiSEM 
(n=3). 



treatment. Agarose gel electrophoresis of DNA isolated 
ftom EF24-treated MDA-MB-231 eel|,s also shows a 
characteristic smear that is indicative of PNA fragmenta- 
tion (data not shown). Thus, it appears that this arrest 
after 48 h precedes the DNA fragmentation seen after 
72 h. After the cells arrcsr in G2/M, they subsequently 
enter the final stages of apoprosis. 

Activation of apoptosis 

To determine the mechanism of KK24- induced cell 
death, we measured a number of mariners of apoptosis. 

Depolarization of mitochondrial membrane potential 

Horn MDA-MB-231 and DU-145 cells were treated wich 
20 \{U EF24 for 0, 12, 24 and 48 h before labeling 
with lug/ml JCJ-1 (Kig. 4). Born cell lines lose the 
ability to sequester rhe JC-1 dye in the mitochondrial 



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 
PAGE 35/56 * RCVD AT 8/24/2005 6:02:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/25 * DNIS:2738300 * CSID:9198622260 1 DURATION (mm-ss):27-06 



AUG. -24' 05 (WED) 18:08 



TEL: 9198622260 



EF24 Induce* apoptasl5 by redox mechanism Adams at ul, 287 



HQ. a 



DMSO 24 h 



M1 = 1.0<H> 




EF24 20 UM 24 h 




FL2-A 
_EFJ42QuM4Bh 



FL2-A 
DMSO 48 h 




FL2-A 
EF24 2Q UM ?ah 



FI-2-A 
EF24 20 uM 46 h 



1000 



Mil 

a 



Ml =4.7% 
M4 - 25.Q% 



H1Q 



Ml ! 
Ml ■ M4 . 



21.0% 

ia.5% 



1000 

FL2-A 

DNA canlenl (PI) 



o 




DMSO 72 h 


N ] 




M1 =1,0% 


a -! 


Ml 


M4 = 1 4.6% 


H 


M4 






10£ 



FL2-A 
£FZ4 20 uM 72h 



IQPO 




FL2-A 



looo 



DNA cont&m (PI) and call cycle an^lyajf) of Ep24-ireateel cells. DU-14B pmuULo cancer ce||a (A) and MDA-MB-231 breast cancer co||e (B) wuro 
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fragmuntiHion. Graphs are representative of data calloclod from at |BaBt threB aapBrimfinta. 



compartment fnllowin.fi trearmcnr with rhe compuund, 
causing a time-dependent incrcn.se in green versus red 
fluorescence. Tn aid quantificarion, the dor-plors have 
been arbitrarily divided incn quadrants, Ac Oh, both breast 
and prosraie tumor cells sequester more than 90% of rhe 
dye in the mitochondria, and show very lirrle green 
fluorescence (6.1K6 for DU-14S cells, 4-4% for MDA-MH- 
231 cells). However, after 12 li with EF24, the green 
fluorescence increases significantly to 24.0% for the 
DU-145 cells and 24.3% fnr the MDA-MB-231 cells. 
Mitochondrial membrane potential continues to decrease 
by 24 h, and after 48 h, 50.0% of itie DU-145 cells and 
HO.4% of the MPA-MK-231 cells are fluorescing green. 

Activation of caspasB-3 

The KK24-induced acrivarion of caspase-3 in DU-145 and 
MDA-MR-231 cells over a 72-h period is depicted in 
Mgure 5. The assay uses n cnsuase-3 substrate that has 
been conjugated to two fluorophores chat are normally 
quenched. Upon activation of caspasc-3, the folded 
pepride is cleaved and rhe fluorophores provide a high 



intensity flunrcsccnr signal at u visible wavelength. This 
is seen in the histogram plors as a right shift in the curve. 
To aid in the quanrificfmon, Ml has been arbitrarily set at 
the same FL2-H value for all the graphs, resulting in 
control cuspase-3 activity of approximately 2-5%. Effi- 
cient activation of caspa.se- 3 occurs nfrur 24 h EF24 
treatment in both cell lines, resulting in a fluorescence 
increase tn 18,6% in the DU-145 cells and 38.6% in rhe 
MDA-MH-231 cells. Increasing fluorescence intensity 
is seen after 4Bh, and by 72 h, 47.2% of the DU-145 
cells and 82.6% of the MDA-MB-231 cells show active 
caspase-3. 

Induction of PS extornaiizatlon 

Figure 6 shows the rcsulrs of bivariatc FITC-Annexin-V/ 
PI flow cytometry analysis of DU-145 and MDA-M 0-231 
cells after treatment with EF24 fur differeiu times. The 
lower left qupdrant {Quadnnr III) of the cycograma 
shows the viable cells, which exclude PJ and arc negative 
for FITC-Annexin-V binding- The upper left quadrant 
(Quadranr I) represents necrotic cells, which show PI 
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Ep24-inducod dopolqrizfltiDn of mitochondrial niambrono poiontial. 
PU-1 46 cel)a (A) «nd MDA-MB-231 Culte <B) were treated with 20 |iM 
EF24 for 0, 12, 24 und 4Bh, and the relative inleneily of orfifin vurisus 
red HuOrubCunca was plottEw}. The JC 1 dye emits a rdd fluoroscence 
when bequasrerocj in haftllhy miiochondriu und cells with dapolarizad 
mitochondrial mflmbninu potential ahaw a gmen fluorescence. Each 
doi ropruaanla a Bingla cell and the plotc wore cfividud arbilrarily into 
quadra nb with the fiuoreecenco inlunaiijaii Bpown in each quadrant. 
Graphs ore rupraeiintalive of data collected from at leaei Ihroa 
ojiporimenUi. 



uptake, hut arc negarive for FTTC-Annexin-V binding 
The upper right quadrant (Quadrant 1J) represents the 
late apoptotic cells, which are positive for both P! and 
FITC-Annexin-V The lower right quadrant (Quadrant 
IV) represent"* cells in the curly stages of apnptasis. 
These cells demonstrate KITC^-Annexin-V binding, bur 
are negarive Tor PI uptake, suggesting chat there is no 
leaking of the plasma membrane (an intact cytoplasmic 
membrane). After EF24 treatment, the DU-M-5 cc|| 
popuhirinn in early npoprosis (Anncxin-V-FITG f /Pr, 
Quadrant IV) increased gradually from a control af 3.5% 
ro 6.3% after 24 h, 14.4% after 48 h and 17.7% after 72 h. 
The percentage of DU-145 cells in hue apo ptosis 
(Anne\in-V-FITC + /PT + I Quadrant II) increased from 



a control nf 4.0% to 39.8% after 72 h. The percentage of 
MDA-MB-231 cells In early 3poptosis increased from a 
control of 2.5% ro 6.9% after 24h, 10.0% after 48 h and 
25.3% after 72 h. Similarly the cell population in late 
opoprosis increased from a control of 2.8% ro 45.6% after 
72 h. The pan-caspase inhibitor z-VAD-fmk has been 
demonstrated tn completely block apuptosjs. After a 72-h 
treatment with both EF24 and x»VAI)-ftnk. rhe cell 
population in Quadrant IV was reduced to 12% for the 
DU-145 cells and 6.8% for the MOA-MB-231 cells. 

JEF24'induc0d redox changes In cancer pells 
Production of ROS 

We studied che effects uf EF24 on the production orROS 
in DU-145 prostate and MDA-MB-2.31 breast cancer cells 
using the peroxide-sensitive fluoresces probe JDCF-DA. 
KK24 nt 20 u,M produced a time-dependenr increase in 
intracellular ROS after treatment fnr 12 t 24 and 48 h in 
both cell lines. Generation of ROS by DU-14-S and MAD- 
MB-231 cells at 48 h is 35 and 55%, respectively (Fig. 7). 

Direct interaction of £F24 with GSH/Trx-1 and 
depleting Intracellular GSH 

To determine whether EF24 reacts with GSM or TYx-l, 
we have measured their direct interactions in vitro. The 
ubsorbance spectrum of KF24 in PBS shows peaks around 
325 nm and its content in solution can be monitored in a 
spectrophotometer Separate addition of borli GSH and 
Trx-1 to EF24 resulted in a time-dependent decrease in 
the absorbance, indicating EF24 had reacted with the 
cysteines in both GSJI and Trx-1 (Fig. 8A). 'lb determine 
the effects of EF24 on the thiol/disulfide redox status in 
intuet cells, we measured rhe intracellular GSH concen- 
trations in UT20 human colon adenocarcinoma cells after 
treatment with EF24 at 20 uM concentration for Oflmin, 
Cells were extracted with 10% perchloric ucid/0.2 M boric 
acid. The acid soluble GSH was then measured by HPLC 
as described [15]. Results indicate that intracellular GSH 
content decreased significantly after EF24 treatment and 
the decrease in GSH was not associated with an increase 
in che GSSG contents (Fig. KH). The GSH deplerion was 
not affected by overexpression of Bd-xi. 

Discussion 

In this study we have attempted to determine whether 
the cytoroxic activity of EF24 is due to apnptosis by 
examining some of the most accepted signs of cell death. 
These indicators occur in sequence beginning with 
depolarization of the mitochondria membrane, through 
caspase-3 activation and external ization of PS, to the final 
DNA fragmentation (sulvC^/G^ accumulation of DNA). 
In addition, we have found that EF24 reduces intracel- 
lular GS1I and Trx-1, and increases the concentration 
of ROS. This balance shift, together with a high 
mitochondrial Ca 2 "*" overload and low ATP production, 
most likely triggers opening of rhe mitochondrial 
permeability transition pores allowing faci|c diffusion nf 
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PhiPhiUx fluoraQQence end caspase-3 uetivaLbn in EF24-ireeted cells. PU-146 cells (A) and MDA-MB-231 cells (B) ware rrenied with 20 nM EF24 
tor 24, 46 and 72 h. CaapaBB-3 edition wae measured by flow cyleiriHlry and datacietj as an increaee in fluorosconcu inUinsiLy- Ruoreecwica 
ruBuliB from the uriqaenchino of two fluorophorus fallowing deavaga or lha caepaee-3 peptide subbtr*L« linking the HuorophQiea. The rinhl-ehified 
curve repreGftiilu eu hi truqtad with compound compared io the control cgrvu. M1 ^percentage o( ce||a with active caspasa-3. Graphs "re 
rupruiiunluUvo of date collecfad fit>m at fensl three oipurimunis. r 



luw-mu|cculur-wcightsn|urcs across fhe inner membrane 
The pore is composed of a complex of rhe voltape- 
dependent anion channel, the adenine nucleotide trans- 
locate and eyelophilin D ac enntacr sires berween the 
mitochondrial outer and inner membranes. Opening of 
the permeability transitinn pore nor only activated the 
apoptutic pathway, hut also stimulates necrotic cell death 
[16J. We will first discuss evidence thru EF24 induces 
apopiusis in two human cancer cell lines and follow with 
what we believe po he the structural basis of the 
mechanism of action. In sum, the cytotoxic act inn of 
RF24 i.s most likely the consequence of multiple complex 
actions— partly from rhe apoptocic cascade and partly 
from other modes of cell death such as necrosis. 

Inhibition of cell proliferation 

To evaluate the effects of RF24 cell cycle progression, 
wc utilizer! a RftlU-incOrpurariun assay (17] to measure 
l he ability of \lpZ4 to inhibit the proliferation of two 
highly malignanr human cancer cell lines m vitro. 



Measurement of PHlfhymidinc incorporation intn the 
DNA as cells enrer the S phase has lomj; been the 
traditional method fur detection of cell proliferation. The 
thymidine analog. UrdU, is a well-established alternative 
co assays using [ 3 H1 thymidine uprakc 11 7|. When BrdU 
is incorporated into xhe DNA nf acrively proliferating 
cells followed by partial rienamracion of double-stranded 
DNA, it can lie detected immunochemieally. This 
permits the r|uanritativc assessment of cells actively 
synthesizing DNA. 

EF24 at JOpM inhibited cell proliferation by 70-80% in 
human prostate cancer cells (DIM45) and by 100% in 
human breast cancer cells ( M DA- M 0-231 ) at 24 and 4R h 
based on BrdU assays. The assays were performed by 
plating 20 UU0 cells/well on 96-well plates. However, 
assays for resring npoproais were carried out by plating 
1 x 10 6 cells on six-well plates because 10 000 cc|M are 
required for flow cytometry analysis. In this system, EF24 
ut 20 pM did not inhibit cell proliferation to the same 
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apopiotiiu. Graphs are representative of daio colluclud from aL least three e*penmenle. 



extent as seen in the RircfU assays. This is demons if a red 
in Quorum 111 far each of the dot plots shown in R«. 6, 
which represents the-* number of viable; cells (Annex?n-V*7 
Pf~) that remain following rrearmenr with EF24 for 24, 
48 and 72 h. One reason far rhc discrepancy between the 
BrdU incorporation assay and the apoprosis measure- 
ments may resulr from che light sensitivity nf KK24. The 
compound tirades to \0% of the original activity in 10 h 
while it is kepr on rhe laboratory bench at ambient 
temperature under fluorewccnr lights in a clear vial. Thus, 
20 |4-M KK24 compromised by phntodegradarion was 
chosen for the apoprosis measurements. We expect that 
repetition in the dark would show a concentration 
dependence comparahlc to the BrdU experiments. 
Another reason for the discrepancy may be due to the 
differences in how each of the assays was conducted (i.e. 
different cell numbers and place surface areas). Different 
overall cell concent rat ions in rhc rwo assay methods may 
well affect drug potency with regard to IC$» values. 

Sub-G^Gq accumulation of DNA 

We first demonstrated that BF24 induced sub-G,/G n 
accumulation of PNA in both human prostate (IHJ-145) 
and breast cancer (MDA-MB-231 ) cell lines by observing 



an increase in the sub-CVCu peak at 72 h compared with 
ihar ar 24h of EF24 treatment (Ml peak in Fig. 3). Sub- 
G|/G u DNA accumulation was preceded by G 2 /M arrest 
as evidenced by an increase in the M4 peak ac 48 h of 
RKZ4 rrearment as compared with that of DM SO conrrol 
(Fig. 3). It should be noted that ce||s arrest their cell 
cycles in order to repair DNA damage. If the damage is 
repaired, the cells resume q normal cell cycle. If not, they 
cake rhe apoptotic pathway The mean percentage of 
GrfM arrest was 30-35% aL 48 h, while that of -suh-G|/G,) 
DNA accumulation was approximately 7.5% at 72 h in 
borh cell lines (data not shown). At 2ft pM, EF24 
apparently does not induce apuptosis in all the cells, 
since 63.5% nf DU-145 and 64.6% of MDA-MB-233 cells 
arc in G } and S phases, respectively, ai 72 h (Fig. 3). At 
tile same time, 40-50% of the cells arc still viable by 72 h 
as shown in Quadrant II] of Figure 6. EF24 may induce 
apoptosjs as well as other modes of cell killing in both cell 
lines, although there are very few cells in Quadrant I rhac 
represent necrotic cells. The activity of curcumin on 
induction of sub-G^Go accumulation is approximately 1/4 
to 1/2 that of HK24 in both cell lines (data not shown). 
This corresponds to a 2- to 10- fold increase in cycoroxic 
activity for FF24 over curcumin [4]. 
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Depolarization of the mitochondrial membrane 
potential 

Mitochondrial membrane derwilariznrion is an early sign of 
apopiasis. Upon induction of apopr.nsis, mirochondrin lose 
the ability m sequester charged cutions [6|. Cytochrome c 
fmm the mitochondrial intcrmcmbnine space is released 
into the cymsol following the depolarization (6,1 H|. In 
the uytosol, cytochrome c binds ro apoptusis-inducing 
factor (npuf-J) :ind pro-cqKpase-9 in the presence of dATl J 
to form apoprnpome [19]. This complex activates 
caspqsc-9, which in turn activates caspasc-3 [201. 
Curuumin has been demonstrated ro induce mitochon- 
drial depolarization [21,22), release cytochrome c and 
sicrivHld caspase-3 [23J. l£F24'fl depolarising action in 
both cqneer cdl lines was monitored as a time-dependent 
increase in cells with green fluorescence (from JC-1 dye 
in rhe cytosul) as compared with red fluorescence (from 
JC-1 dye in the mitochondria) during the 48 h following 



drug ireatmcnr. Human breast cancer cells (MOA-MR- 
231) depolarized the mitochondrial membrane in 80% of 
rhe cells, while human prostate cancer cells (DU-145) 
exhibited the same phenomenon in only 50% of Uie cells 
ar 48 h. The former cell line appears to be more sensitive 
to KK24 since inhibition of cell proliferation was 100%, 
while thar for DU-145 cells was 71>-HI)% at 10 uM for 
24-4Hh (Flfi- 2). 

Caspase-3 activation 

Activation of caspascs, a family of cysteine proreases in 
many multicellular organisms [16), is an essential step in 
various forms of apoptosjs J 24 J. The enzymes 1 role in 
programmed cell death is highly conserved. Cuspuse-3 is 
one of rhese agents most frequently activated during the 
process of apoptnsis. In response to pro-apoprotic stimuli, 
the 32-kDa pro-caspase-3 is processed ro an active 
enzyme consisting of two subunits of 17 and 1 2 kDil. 
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Activared caspnse-3 is essential for the progression nf 
apoptusis, resulting in the degradation of cellular 
proreins, apoptotic chromatin condensation and DNA 
fragmentation |25|, 

In our experiments, llP24-indnccd caspase-3 activation in 
a rime-dependent manner up to 72 h was manifested by 
an increase in Phi Phi Lux fluorescence on the FL2II axis 
(x-axis) in buih cell lines (Fig. 5). However, caspase 
ncrivarion in MPA-MB-231 cells is almost 2 times greater 
than that in OU-145 cells. Aftflin, ihia suggests that the 
MPA-MH-23J cells are more sensitive to KK24 than rhc 
UU-H5 cells (Fip. 2). U is noteworthy that eurcumin at 
25 pM has been rcpnrrcd ro induce the activation of 
caspase-3 in 1IL60 leukemic cells |23|. 



ExternalUatfon of PS 

f n the early stages of apoptusis, PS translocates from the 
inner side of the plasma membrane 10 the outer layer, 



rhus exposing PS at the external surface of the eclf. 
Studies have demon sera red that the exposure is due 
partially to the activation of the enspase cascade {26]. 
Anncxin-Y a calcium-dependent phospholipid-hinding 
protein, has a high affinity for PS and can be used as a 
sensitive probe ro measure the exposure of this 
phospholipid on the cell membrane [13J. During the 
initial sra^es of apoprosis, the cell membrane remains 
intact However, during larcr stages, the cell membrane 
loses its integrity and becomes leaky. Therefore, the 
measurement of Annexin-V binding to ihe cell surface can 
be performed in conjunction with a dye-exclusion test to 
establish rhe inregriry of the cell membrane and 
determine the stage of apnptosis. A common dy^ for this 
application is PI, which induces a red fluorescence of the 
DNA in cells with a damaged membrane, but it> excluded 
in cells with an intact membrane. Hence, during the 
initial phase of apoptosis, the cells qre still able to exclude 
PI and therefore do not show any red fluorescence signal 
similar to that of living cells. 
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The EF2+- induced exyernalizption of PS ar [he plasma 
membrane was demonstrated by a rime-dependeni 
increase in the majority uf celts uccumulatcd in Quadrant 
II (laic apoptnsis) during 72 h of treatment in both breast 
and pmsrure «|l lines. Karly and late apuptotic cells 
(quadrants IV + II) in the two cell lines are 80 and bM, 
respectively, again reflecting mure EF24 sensitiviry for 
the former cells (Fig. 2). The pan-caspasc inhibitor 
z-VAD-fmk inhibit PS exposure in both cell lines 
(Fifr 6), suggesting that blockade of PS translocation is 
caused by the easpasc activation, 

ROS 

ROS arc generated intracellulurly by means of a variety of 
processes, e.g. as byproducts of normal aerobic metabo- 
lism or us second messengers in various signal transduc- 
tion pathways |27|. ROS have been implicated in rhc 
regulation of diverse cellular functions including defense 
against pathnftens, intracellular signaling, transcriptional 
activation, proliferation and apuptusis. Intercellular levels 
of ROS arc influenced by a number of endogenous and 
exogenous processes, and controlled by several radical 
scavenging enzymes. Exogenous agents that induce ROS 
formation include anticancer agents, UV light and various 
cyroltines. At the cellular level, oxidant injury elicits a 
wide spectrum of responses ranging from proliferation to 
growth arrest io cell death |2K|. Researchers have 
demonstrated that ROS production may play a rale in 
curcumin-induced apoptusis [20,30). 

'Iltc redox state of the cell is primarily a consequence of 
the precipe balance between the levels of ROS and 
endogenous thiol buffers present in the ceil, such as GSII 
and Trx-1. The latter entities protect cells from oxidative 
damage and modulate apoptotic signals f 3 1 1. Cytotoxic 
and ohemothcrflpcimc agents reduce the intracellular 
levels of GSIJ not only hy elevating ROS, but also by 
extruding GSH from the cells |32|. The details as ro how 
depletion of cellular GSH, Trx-l and thiol proteins 
induces ape ptosis are still obscure. 1c has been demon- 
strated that depletion of cellular GSH induces the initial 
phase of ROS generation at low levels 133). The ROS in 
turn open the mitochondrial pore, leading to mitochon- 
drial depolarization |K>|, which leads co the second phase 
of an explosive burst of [{OS production at much higher 
levels. The source of this burst is the mitochondrial 
electron transport chain [33|, Til rhe present work, EF24 
induces a relatively high level of ROS after 4flh of 
treuLmcnt in both cell lines, which coincides nicely with 
the data from Figures 3-6. The observations imply that 
(he innjor apoptotic activity in these cell lines occurs 
between 24 and 4fih- Throughout all our experiments a 
common thread is chat the MIDA-M 11-231 cells are more 
sensitive to KF24 than DU-145 cells. However, this does 
not necessarily mean that breast cancer cells arc generally 
more sensicive to |£K24 than prnsrnte cancer cells, based 



on the results tested against a panel of GO human cancer 
cell lines hy rhe National Cancer Institute |4|. 

Direct interaction of EF24 with GSH and Trx-1 

In parallel with our studies on drug-induced apoptosis, we 
have examined a mechanism of action for EF24 that is 
directly related to the structure of the drug. The cellular 
ihiul/disulflde pool plays a critical role in controlling 
oxidative srress and red ox-dependent signal Transduc- 
tions. GSH and Trx-1 are two of the most abundant 
molecules with reactive sulfhydryl groups. 

Curcumin, an ot^-unsatu rated ketone, is a classic Michael 
acceptor 1 34,35] which forms an irreversible covalent 
adduct with the sulfhydryl (SI?) group of multiple target 
molecules such as GSH [36-301. Trx-1 is a Al< 12000 
protein incorporating a redox-activc pair of cysreinc 
residues. The compound is important as a disulfide 
reducing agent and is crucial for processes such as 
ribonucleotide reduction and transcription factor mod- 
ulation 140). GSH and reduced Trx-1 levels arc closely 
tied to apoptosis. It has been suggested that inaciivacion 
of Trx reductase by unsaturated Mannich bases may be 
one of the causes of apoptoric death in human tumor cells 
141-47]. A putative mechanism for irreversible inactiva- 
tion of Trx reductase by otfl-unsatu rated Mannich bases 
thnr possess one or two electrnphilic cenrers and reaci 
with thiols has been described |46|. liF24, an a,|l- 
unsaturated ketone, is likewise a strong Michael acceptor 
|4J as shown by its reactions with GSH and Trx-I 
(Fig. HA). In this respect, it most certainly behaves in a 
manner similar to the loss-elecrrophilie curcumin mole- 
cule. EF24 not only increases production of ROS (Fig. 7), 
hut also reduces intracellular GSH and fiKSfi in wild- 
type and even in Hcl-Xr, overcxpressed human colon 
cancer cells (Fig. H|i). Thus, even Bc|-x r# is unable co 
prevent the action of EF24, although Bc|-x L possesses 
anti-apoptotjc properties rhar arc attributed to its ability 
to prevent translocation oF cytochrome t to the cytosol 
and thereby interfere with the subsequent depolarization 
of the mitochondrial membrane (49), activation of 
cytosolic caspases and apoptusis f 6,50,51). Thus, as we 
have demonstrated above (Figs 3-6), the oxidative stress 
caused by KF24 contributes to the depolarization of the 
mitochondrial membrane potential and the subsequent 
downstream events, such as easpasc acrivarion and 
substrarc cleavage |31 ( 52J. 

In summary, the principle biological roles of RF24 may 
well depend on irs action as a Michael acceptor. We have 
demonstrated that F (fluoride) at the ortho position, but 
not mtto or p&fu positions, of the terminal aromatic rings 
confers the most potent anticancer activity |4]. It is of 
interest that unsubsriruted OH (hydroxyl) groups at the 
ordo position, but not wety or pant posirions, of the 
terminal aromaric rings of a substituted cyclopentanone 
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proved ro exhibit the hesr induction of quinone 
reductase:, enhancing the nucleophilic rcQcriviry of the 
SH Groups. Huwcvcr, chc exnee median iarn is unknown, 
since porency increases srimularcd by inducers of 
quinone reductase bearing or/Ao- hydroxy groups could 
not be ascribed to increased electrophilicicy ofrhe (i-vinyl 
carbun atoms of rhe Michael acceptor [53|. The bame 
fcroup recently demonstrated chat all inducers react 
covnlenrly with thiols at rates rhac arc closely related to 
their poreiicies [37|. 

Summary, conclusions and prospects 

The structurally simple and symmetric curcumin analog 
EF24 induces ce|| cycle arresi and apoptosjs in humqn 
breast cancer (MDA-MB-231) nnd human prosrare cancer 
(DIM 45) cells pfi substantiated by ROS producrion, 
caspase-3 activation, PS external i2ai ion and DNA frag- 
mentation. The compound likewise promotes depolariza- 
tion ofrhe mitochondrial membrane potential, suggesting 
that disruption of mitochondrial function is one possible 
origin of apoprosis. This interpretation is strengthened by 
the observation thru EF24 reduces intracellular CSH and 
its oxidized form, GSSG, in wild-type and rtel-X|, over- 
expressing HT29 cancer cells. Further evidence derives 
from rhe reaction between Michael accepror EF24 and 
the thiol-coiuaining substrates OSH and Tfoc-l, These 
observations sugfiesr rhac EF24, at least with respect ro 
proteins and mcdiarors bearing the SI T group, has rhe 
potential to modulate the action of multiple targets. 
Accordingly, rhe specific action of EP24 in different cells 
may depend on rhe concentration and accessibility of the 
compound to molecules hearing Che SI I group (53 1. The 
existence of multiple target,'? may prove to be a decisive 
advantage, since ir can reduce the occurrence of cells 
TesLstant ro EF24, while diminishing toxiciry. The 
apparent low roxieiry of EF24 [4] can be understood 
from this, viewpninr. 
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